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Project  Goals 

This  project  aimed  to  discover  novel  physical  phenomena  in  correlated  ABO3  oxide 
heterostructures  by  using  interfacial  coupling  to  control  the  rotations  and  distortions  of  BO(,  octahedra,  the 
connectivity  of  which  are  directly  coupled  to  electronic  bandwidth.  Related  to  this  overall  theme,  there 
were  three  specific  objectives  identified  in  the  proposal: 

1.  Demonstrate  the  direct  role  of  a  substrate’s  octahedral  rotations  on  the  electronic  and  magnetic 
properties  of  ultrathin  films. 

2.  To  stabilize  superstructures  of  octahedral  rotations  that  result  in  periodic  bandwidth  modulations. 
These  spatial  modulations  of  the  octahedral  rotations,  and  therefore  electronic  bandwidth,  will  be 
tuned  by  systematically  adjusting  the  superlattice  period,  thereby  providing  a  new  means  to 
spatially  confine  magnetic  and  electronic  behavior. 

3.  To  develop  new  experimental  methods  to  depth-resolve  octahedral  rotations  in  oxide 
heterostructures. 

Scientific  Accomplishments 

1.  The  effect  of  interfacial  octahedral  coupling  in  ultrathin  manganite  films 

The  first  object  was  to  demonstrate  the  direct  role  of  a  substrate’s  octahedral  rotations  on  the 
electronic  and  magnetic  properties  of  correlated  oxide  films.  To  accomplish  this  objective,  my  group 
synthesized  ultrathin  films  of  La2/3Sri/3Mn03  (LSMO)  on  (LaA103)o.3(Sr2AlTa06)o.7  (LSAT)  and  NdGa03 
(NGO)  substrates.  These  two  substrates  have  approximately  the  same  lattice  parameter,  ensuring  that  the 
films  will  be  under  equivalent  strain  states,  but  different  crystal  symmetries.  In  particular,  LSAT  lacks 
octahedral  rotations  while  NGO  exhibits  the  ddc"  rotation  pattern,  as  described  by  Glazer  notation.  In 
contrast,  bulk  LSMO  exhibits  the  ddd  rotation  pattern.  We  hypothesized  that  non-equilibrium 
symmetries  can  be  induced  in  the  LSMO  via  interfacial  coupling  with  the  substrate  as  shown  in  Fig.  1(a), 
thereby  providing  a  direct  means  to  explore  the  role  of  the  rotation  pattern  on  electronic  behavior. 

Epitaxial  LSMO  films  were  grown  on  LSAT  and  NGO  using  ozone-assisted  molecular  beam  epitaxy. 
A  series  of  film  growths  targeting  5,  8,  11,  18,  and  21  unit  cells  (uc)  was  carried  out  simultaneously  on  a 
LSAT,  NGO  (001),  and  NGO  (110)  substrates.  The  atomic  fluxes  were  calibrated  using  Rutherford 
backscattering  spectroscopy  (RBS)  and  x-ray  reflectivity  (XRR).  Following  growth,  XRR  was  also  used 
to  determine  the  film  thicknesses.  Additional  structural  information  comes  from  synchrotron  x-ray 
diffraction  experiments  carried  out  at  Sector  33-BM  at  the  Advanced  Photon  Source  in  collaboration  with 
Jenia  Karapetrova  and  Christian  Schleputz.  These  results  are  presented  in  Fig.  1(b),  which  shows  data 
from  the  1 1  uc  films.  The  (002)  diffraction  peak  appears  at  the  same  position  for  all  films,  verifying  that 
they  have  the  same  nominal  lattice  parameters  (ie.  same  strain  state).  In  order  to  confirm  that  the  films  are 
all  isocompositional,  and  thus  changes  in  chemistry  aren’t  dominating  physical  properties,  x-ray 
absorption  spectroscopy  (XAS)  measurements  were  performed  at  Sector  4-ID-C  at  the  Advance  Photon 
Source  in  collaboration  with  Dave  Keavney.  As  shown  in  Fig.  1(c),  these  results  confirm  that  the  nominal 
valence  is  the  same  in  films  of  the  same  thickness. 
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Fig.  1.  Schematic  of  the  LSMO/LSAT  and 
LSMO/NGO  heterostructures,  highlighting  the 
anticipated  difference  in  MnOe  octahedral 
rotations  (a).  Synchrotron  x-ray  diffraction 
confirms  that  the  films  have  the  same  lattice 
constants  (h);  x-ray  absorption  spectroscopy 
confirms  that  the  films  are  in  the  same  Mn  valence 
state  (c).  These  results  serve  as  evidence  that  we 
have  isolated  octahedral  coupling  as  the 
independent  variable  and  that  composition  and 
strain  are  not  driving  the  observed  differences  in 
physical  properties. 


Fig.  2.  Resistivity  (a)  and  magnetoresistance  (b)  as  a 
function  of  temperature  for  LSMO  films  of  different 
thicknesses.  While  the  21  uc  films  on  LSAT  and 
NGO  exhibit  comparable  properties,  the  thinner 
films  exhibit  systematic  differences.  Note  that  the 
films  on  LSAT  have  considerably  lower  resistivities 
and  higher  T*,  as  determined  from  the  temperature  at 
which  the  MR  is  maximized. 


The  temperature -dependent  resistivity  of  the  films  is  shown  in  Fig.  2(a).  At  21  uc,  the  three  LSMO 
films  exhibit  similar  transport  behavior  independent  of  the  substrate.  This  confirms  that  the  physical 
properties  of  these  films  are  dominated  by  strain  and  not  interfacial  structural  coupling.  This  is  consistent 
with  a  previous  report  of  55  uc  LSMO  films  on  LSAT  and  NGO  [APL  95,  112504  (2009)],  which 
exhibited  tbe  same  properties.  As  tbe  thickness  is  reduced,  tbe  contribution  from  tbe  interfacial  region 
increases.  At  11  uc  and  less,  the  low  temperature  resistivity  varies  by  orders  of  magnitude  with  the 
LSMO/LSAT  film  always  exhibiting  tbe  lowest  resistivity.  Additionally,  the  resistivity  of  manganites 
often  exhibits  a  local  maximum  associated  with  the  ferromagnetic  transition  (Tc).  These  maxima  are 
observed  in  tbe  films.  For  instance  at  1 1  uc,  Tc  ~  300,  240,  and  170  K  for  tbe  LSMO/LSAT,  LSMO/NGO 
(001),  and  LSMO/NGO  (110),  respectively,  as  determined  from  resistivity.  The  Tc  can  also  be 
determined  from  magnetoresistance  (MR)  measurements,  which  were  measured  in  a  7  T  field.  Fig.  2(b) 
shows  the  absolute  value  of  the  MR,  defined  as  (Rh=o  -  Rh=9t)/Rh=o-  Similar  to  the  resistivity,  the  Tc 
values  for  the  21  uc  films  are  all  similar  but  there  is  a  wide  range  of  Tc  values  for  the  1 1  uc  films. 

To  gain  some  insight  into  the  length  scale  associate  with  the  interfacial  octahedral  coupling,  polarized 
neutron  reflectometry  (PNR)  measurements  were  made  on  18  uc  films  grown  on  each  substrate. 
Reflectivity  was  measured  to  a  high  q  value  (0.2  A  '),  enabled  by  the  high  quality  of  the  films,  to  increase 
depth  resolution.  The  results  and  fits  are  shown  in  Fig.  3(a-c).  The  obtained  magnetic  depth  profile  is 
given  in  Fig.  3(d).  The  gray  line  shows  the  nuclear  depth  profile  from  the  LSMO/LSAT  film.  The 
chemical  interfacial  width  is  ~  10  A.  In  contrast  the  magnetic  width  is  much  larger,  with  a  reduced 
magnetization  present  in  the  first  4-5  uc  (-16-20  A)  of  the  films.  The  width  of  this  interfacial  region  is 
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approximately  the  same  for  all  films;  however,  the  LSMO/LSAT  film  has  a  larger  magnetization  than  the 
films  on  NGO. 


Fig.  3.  Polarized  neutron  reflectometry  results  and 
fits  from  18  uc  LSMO  films  on  LSAT  (a),  NGO 
(001)  (b),  and  NGO  (110).  The  data  was  measured 
at  100  K  in  a  0.5  T  field.  The  obtained  magnetic 
depth  profile  across  the  film/substrate  interface  is 
shown  in  (d).  The  magnetic  profile  differs 
substantially  from  the  nuclear  profile  indicating  that 
changes  in  magnetization  near  the  interface  are  not 
due  to  compositional  changes.  All  the  films  exhibit 
a  reduced  magnetization  in  the  ~4-5  uc  nearest  the 
interface.  The  film  on  LSAT  exhibits  the  largest 
magnetization. 
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Fig.  4.  Magnetic  x-ray  circular  dichroism  data 
from  a  series  of  20,  11,  and  5  uc  thick  LSMO 
films.  In  the  5  and  1 1  uc  films,  the  LSAT  has  a 
substantially  larger  magnetic  signal  than  the 
films  on  NGO. 


The  final  characterization  technique  performed  was  magnetic  x-ray  circular  dichroism  (XMCD),  in 
which  the  signal  is  proportional  to  the  magnetization.  This  is  necessary  because  conventional 
magnetometry  measurements  are  unable  to  accurately  measure  the  magnetization  in  the  ultrathin  LSMO 
films  due  to  the  reduced  sample  volume  and  a  large  signal  from  the  NGO  substrates.  Furthermore,  XMCD 
can  probe  element-specific  magnetization.  The  XMCD  measurements  were  also  performed  at  Sector  4- 
ID-C  at  the  Advanced  Photon  Source.  Consistent  with  the  resistivity  and  PNR  results,  the  XMCD  shows  a 
systematically  larger  magnetization  in  the  films  on  LSAT  compared  to  NGO  (Fig.  4(a)),  which  becomes 
especially  apparent  in  the  thinnest  films.  The  experimental  results  are  summarized  in  Fig.  4(b),  which 
shows  the  Tc  values  obtained  from  MR  and  the  XMCD  intensities  as  a  function  of  film  thickness.  A  clear 
divergence  is  observed  in  the  thinnest  films  between  those  grown  on  LSAT  and  those  grown  on  NGO. 

To  further  verify  that  the  origin  of  this  behavior  is  structural,  first  principles  density  functional  theory 
calculations  were  performed  by  James  Rondinelli’s  group.  The  DFT  results  show  structural  changes  in  the 
near-interfacial  region  of  LSMO  films  on  cubic  and  orthorhombic  substrates  are  consistent  with  a 
suppression  of  octahedral  at  the  junction  with  a  cubic  substrate.  Corresponding  calculations  of  the  layer- 
resolved  electronic  structure  reveals  a  reduced  electronic  bandwidth  in  the  film  on  the  orthorhombic 
substrate.  These  results  are  consistent  with  the  hypothesis  that  the  origin  of  the  enhanced 
electronic/magnetic  properties  in  LSMO/LSAT  compared  to  LSMO/NGO  is  the  reduced  octahedral 
rotations  in  the  near-interfacial  region  of  the  film.  This  work  was  published  in  Nano  Letters  and  was  been 
chosen  as  a  research  highlight  featured  in  the  NIST  Center  for  Neutron  Scattering’s  2014  annual  report. 
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2.  Bandwidth  modulations  in  symmetry  mismatched  superlattices 

Electronic  and  magnetic  phenomenon  in  bandwidth  modulated,  isovalent  superlattices  was  explored 
through  the  creation  of  multilayers  in  which  the  constituent  materials  have  different  octahedral  rotations. 
The  materials  chosen  for  this  study  were  (Lao.7Sro.3Mn03)/(Euo,7Sro.3Mn03)  (LSMO)/(ESMO) 
superlattices.  LSMO  is  a  rhombohedral  perovskite  with  the  aaa  rotation  pattern,  while  ESMO  is  a 
highly  distorted  orthorhombic  perovskite  with  the  a  ac^  rotation  pattern.  The  first  step  in  this  project  was 
optimizing  the  synthesis  of  ESMO,  which  had  never  been  reported  in  epitaxial  thin  film  form. 

Optimal  conditions  for  ESMO  were  identified 
using  RBS  to  confirm  cation  composition,  XRD  to 
confirm  crystalline  quality  and  strain  state,  XAS  to 
verify  the  Mn  valence  state,  and  XRR  to  quantify 
film  thickness.  We  find  that  the  magnetic  properties 
of  ESMO  are  highly  strain  dependent,  shown  in 
Fig.  5(a).  Eor  instance,  films  on  LSAT  (0.6% 
tensile  strain)  are  ferromagnetic  with  a  Tc  of  ~80  K, 
while  films  on  SrTi03  (1.5%  tensile  strain)  are 
paramagnetic.  In  contrast  to  the  magnetic  behavior, 
we  find  that  the  electronic  properties  are  not 
sensitive  to  strain,  shown  in  Fig.  5(b).  Films  with 
strain  states  ranging  from  -2.4  to  1.5  %  all  exhibit 
insulating  behavior  with  little  difference  between 
the  ferromagnetic  film  on  LSAT,  weakly 
ferromagnetic  films  on  LaA103  and  SrLaA104,  and 
paramagnetic  film  on  SrTi03.  Below  -120  K,  all 
films  become  too  insulating  for  our  measurement 
capabilities.  The  resistivity  of  ESMO  follows 
simple  Arrhenius  behavior  with  an  activation 
energy  of  150  meV.  This  high  magnetic  sensitivity 
to  strain  and  robust  insulating  behavior 
distinguishes  narrow-bandwidth  ESMO  films  from 
their  wide -bandwidth  LSMO  counterparts,  as  in 
general  the  combination  of  ferromagnetism  and 
insulating  behavior  is  rare.  The  growth  and 
characterization  of  ESMO  films  was  published  in 
Physical  Review  Applied. 

Elaving  established  growth  conditions  for  high 
quality  ESMO,  our  work  shifted  to 
(LSMO)„/(ESMO)„  superlattices  grown  on  LSAT. 
These  superlattices  are  ideally  suited  for  studying  the  effects  of  interfacial  octahedral  coupling  at 
correlated  interfaces  because  the  Mn  valence  is  uniform  throughout  the  superlattice,  thereby  removing 
any  effects  from  charge  transfer  that  might  complicate  interpretation  of  the  physical  properties.  In  bulk. 
The  MnOg  octahedral  rotations  lead  to  Mn-O-Mn  bond  angles  (0)  of  166.3°  and  157°  in  LSMO  and 
ESMO,  respectively,  giving  rise  to  larger  electronic  bandwidth  in  LSMO  compared  to  ESMO.  When 
epitaxially  joined  in  superlattices,  the  atomic  structure  in  the  ESMO  and  LSMO  layers  will  depend  on  the 
superlattice  period  (2n)  and  the  length  scale  for  interfacial  coupling  of  octahedral  rotations  (^e).  If  the 
layer  thickness  is  greater  than  ^e,  then  the  non-interfacial  regions  of  LSMO  and  ESMO  will  exhibit 
differences  in  rotation  angle  due  to  their  differences  in  bulk  structure  (A0  =  0lsmo  -  0esmo)-  However,  as 
the  interfaces  are  brought  closer  together,  making  comparable  to  or  greater  than  n,  the  structure  of  the 
layers  will  be  increasingly  dictated  by  the  interfacial  octahedral  coupling,  reducing  the  magnitude  of  A0. 


Fig.  5.  The  magnetic  properties  of  ESMO  films  are 
highly  sensitive  to  strain  (a),  while  the  electronic 
behavior  is  robustly  insulating  (b).  This  is  in  contrast 
to  wide -bandwidth  LSMO,  which  is  metallic  even 
under  large  epitaxial  strains. 
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Thus,  by  tuning  n,  we  can  control  the  amplitude  and  period  of  octahedral  modulations  in  the 
heterostructures.  Octahedral  modulations  in  the  superlattices  will  produce  modulations  of  electronic 
bandwidth,  and  functional  properties  dependent  on  bandwidth,  such  as  magnetic  exchange  and  electronic 
conduction.  The  design  and  control  of  octahedral  modulations  thus  provides  a  unique  opportunity  to 
spatially  confine  functional  behavior  in  perovskite  oxides  without  relying  on  charge  transfer. 


Fig.  6.  (a)  STEM  image  and  EELS  map  of  [n=ll]  x  5  superlattice  grown  on  LSAT.  (b)  Enlarged  images  from 
typical  LSMO  (orange)  and  ESMO  (blue)  layers  showing  A-site  displacements,  highlighted  with  the  yellow 
line.  A  schematic  of  the  crystal  stmcture  is  superimposed,  (c)  A-site  displacement  angles  measured  between 
three  successive  A-site  columns  along  [010].  (d)  STEM  image  and  EELS  map  of  the  [w=3]  x  17  superlattice, 
(e)  Perspectively  enlarged  STEM  image  from  three  adjacent  ESMO/LSMO  layers  showing  A-site 
displacements  across  the  SL  interfaces,  (f)  EELS  profile  for  the  Mn  L-edge  from  the  n  =  11  sample  with 
superimposed  averaged  Mn  L-edge  spectra  for  the  non-interfacial  regions  of  the  ESMO  and  LSMO.  The  Mn 
L2,3  edge  positions  and  shapes  are  consistent  throughout  SL  film  indicating  a  constant  nominal  Mn  valence 
state  across  the  LSMO/ESMO  layers. 


The  structural  quality  of  the  superlattices  has  been  confirmed  with  scanning  transmission  electron 
microscopy  (STEM),  performed  by  Bob  Colby  at  Pacific  Northwest  National  Laboratory,  and  synchrotron 
x-ray  diffraction.  The  STEM  measurements  were  carried  out  with  electron  energy  loss  spectroscopy 
(EELS)  to  provide  local  compositional  information.  Figure  6  highlights  the  STEM-EELS  results.  The 
STEM-EELS  confirms  the  superlattice  structure  with  clear  interfaces  between  the  LSMO  and  ESMO 
layers,  as  shown  in  Fig.  6(a)  for  a  n  =  11  sample  and  Fig.  6(d)  for  a  n  =  3  sample.  The  A-site  atoms  are 
clearly  resolvable;  analysis  of  the  A-site  positions  in  the  n-\  \  sample  [Fig.  6(b)]  reveals  the  presence  of 
A-site  displacements  in  the  ESMO  layers  consistent  with  its  bulk  Pbnm-type  orthorhombic  structure.  In 
contrast,  A-site  displacements  are  lacking  in  the  LSMO  layers.  The  A-A-A  displacement  angle  was 
quantified,  revealing  that  a  region  of  -  4  unit  cells  over  which  the  structural  coupling  between  ESMO  and 
LSMO  takes  place  [Fig.  6(c)].  The  displacements  also  indicate  that  the  ESMO  layers  have  an  aa^c 
rotation  pattern  with  the  in-phase  axis  lying  in-the -plane  of  the  film.  In  contrast,  the  in-phase  axis  of  the  n 
-  3  sample  lies  out-of-the-plane  (ddc^)  [Fig.  6(e)].  The  origin  of  this  rotation-axis  switch  is  currently 
unknown.  Finally,  EELS  measurements  of  the  Mn  L-edge  indicate  a  homogeneous  Mn  valence 
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throughout  the  superlattice  [Fig.  6(f)],  confirming  that  physical  properties  descrihed  helow  arise  from 
structural  modulations  and  not  charge -based  effects. 

Synchrotron  diffraction  provides  further  evidence  of  the  interfacial  integrity  of  the  superlattices  and 
allows  for  measurement  of  the  octahedral  behavior  within  the  samples.  Fig  7(a)  shows  synchrotron 
diffraction  measurements  along  the  (0  0  L)  truncation  rod  of  the  n  -  3,  6,  and  11  superlattices.  Satellite 
peaks  are  observed  for  all  superlattices,  confirming  that  the  LSMO  layers  remain  distinct  from  the  ESMO 
layers.  The  measured  data  are  in  agreement  with  simulations  (red  solid  lines),  in  which  the  superlattice  is 
modeled  as  perfectly  crystalline  with  atomically  abrupt  interfaces.  In  the  simulation,  the  numbers  of  unit 
cells  for  both  LSMO  and  ESMO  were  fixed  to  n  =  3,  6,  and  11. 


L(LSATr.tu.)  L(LSATr.tu.) 


Fig.  7.  (a)  XRD  data  along  the  (OOL)  in  the  n  =  3,  6,  and  1 1  samples,  exhibiting  distinct  satellite  peaks  due  to 
the  coherent  SL  stmcture.  Red  lines  show  the  corresponding  simulations,  (b)  Half-order  satellite  peaks  near  the 
(1/2  1/2  3/2)sl  reflection  arising  from  modulations  in  the  amplitude  of  the  octahedral  rotations  along  the 
growth  direction.  The  distance  between  two  satellite  peaks  (AL)  confirms  the  period  of  the  octahedral 
superstmcture  is  the  same  as  the  chemical  period  of  the  superlattice.  The  LSAT  substrate  exhibits  a  broad, 
intense  (1/2  1/2  3/2)  peak,  which  obscures  the  principle  (1/2  1/2  3/2)  peak  from  the  superlattice,  (c)  The  (1/2 
3/2  l)sL  reflection  is  observed  in  n  =  3  and  n  =  6  samples,  indicating  the  presence  of  an  rotation  pattern, 
(d)  The  (1/2  1  3/2)sl  reflection  is  observed  only  in  n  =  11  sample,  indicating  an  aa^c  pattern. 


In  these  samples,  quantitative  analysis  of  the  half-order  peak  intensities  is  not  possible  due  to  the 
overlapping  signal  from  the  film  and  the  intense  peaks  from  the  LSAT  substrate.  However,  satellite  peaks 
off  of  the  (1/2  1/2  3/2)  peaks  along  L  were  measured  for  the  superlattices.  These  satellite  peaks  arise  from 
modulations  of  the  amplitude  of  the  octahedral  rotations  along  the  growth  direction.  Eor  instance,  in  Fig. 
7(b),  a  satellite  peak  is  visible  near  L  -  1.66  for  the  n-3  SL.  The  distance  between  the  (1/2  1/2  3/2)  and 
the  first  satellite  peak  is  AL  ~  1/6,  1/12,  and  1/22  for  the  n  -3,6,  and  11  samples.  The  presence  of  these 
satellite  peaks  at  these  positions  in  momentum  space  confirms  that  the  period  of  the  rotational 
superstructure  is  the  same  as  the  compositional  period  of  the  superlattices,  consistent  with  the  scenario 
presented  in  Lig.  5(a). 


6 


PI:  May,  ARO  #  W911NF-12-1-0132 


o 

ce 


In  addition  to  confirming  the  presence  of  rotational  modulations,  measurement  of  the  half-order  peaks 
were  used  to  identify  the  dominant  rotation  pattern  present  in  each  superlattice.  As  shown  in  Fig.  7(c), 
half-order  (1/2  3/2  1)  reflections  were  observed  only  in  the  n  -  3  and  6  samples.  The  presence  of  this  peak 
indicates  an  dac^  rotation,  a  result  consistent  with  the  A-site  displacements  observed  in  the  STEM 
imaging.  Additionally,  the  widths  of  these  peaks  along  L  yield  correlation  lengths  that  increase  with 

increasing  n.  However,  the  magnitude  of  the 
correlations  lengths  are  slightly  less  than  2n, 
indicating  that  in-phase  rotations  and  A-site 
displacements  that  produce  the  (1/2  3/2  1)  peak 
are  not  correlated  through  the  superlattice  but 
instead  are  only  coherent  within  each  ESMO 
layer.  In  contrast,  the  n  -  sample  exhibits  a 
(1/2  1  3/2)  peak,  as  shown  in  Fig.  7(d).  This 
peak  is  indicative  of  an  da^c  rotation  pattern, 
again  consistent  with  the  STEM  imaging 
presented  in  Eig.  6(b). 

Having  established  the  presence  of  a 
periodic  octahedral  superstructure  in  the 
isovalent  superlattices,  the  implications  on  the 
physical  properties  were  investigated.  We  used 
polarized  neutron  reflectometry  (PNR)  to  obtain 
a  depth-resolved  magnetic  profile  of  the  n  - 
sample.  These  measurements  were  carried  out  at 
Lujan  Neutron  Scattering  Center  at  Los  Alamos 
in  collaboration  with  Mike  Fitzsimmons.  The 
PNR  data  was  collected  in  a  saturating  magnetic 
field  at  5,  60,  and  100  K.  The  data  and  best  fits  at 
each  temperature  are  shown  in  Fig.  8.  The 
reflectometry  results  confirm  that  the  ESMO  and 
ESMO  layers  are  magnetically  distinct  in  the  n  - 
11  sample,  with  the  ESMO  exhibiting  a  Curie 
temperature  between  60  -  100  K,  consistent  with 
the  Tc  of  ESMO  films  on  LSAT.  The  thickness 
of  the  interfacial  magnetic  regions  across  the 
manganite  heterojunctions  is  ~  15  A,  in  good 
agreement  with  the  thickness  of  the  interfacial 
regions  with  varying  A-site  displacement  angles 
obtained  from  STEM  analysis  [Fig.  6(c)]. 
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Fig.  8.  Polarized  neutron  reflectivity  multiplied  by  Q 
from  the  n  =  1 1  SL  obtained  at  (a)  5  K,  (b)  60  K,  and 
(c)  100  K,  measured  with  a  5000  Oe  field  in-the-plane 
of  the  films.  Yellow  and  blue  symbols  (experimental 
data)  indicate  the  reflectivity  obtained  with  neutrons 
polarized  parallel  (R^^)  and  antiparallel  (R")  to  the 
sample  magnetization,  respectively,  (d)  Obtained 
magnetic  depth  profiles  of  the  sample  corresponding  to 
each  temperature. 


Vibrating  sample  magnetometry  measurements  were  carried  out  on  the  n  -3,  6,  and  11  superlattices. 
Although  all  three  sample  are  similar  in  total  thickness  (~  100  uc)  and  contained  the  same  composition  of 
ESMO  and  ESMO,  the  magnetization  of  the  samples  exhibit  markedly  different  behavior,  shown  in  Fig. 
9(a).  The  temperature-dependent  magnetization  of  the  n  -  sample  exhibits  a  kink  separating  two 
regimes  of  magnetic  behavior,  a  low  temperature  transition  and  a  higher  temperature  transition.  Similar 
behavior  is  found  in  the  n  -  6  sample,  but  the  inflection  occurs  at  a  higher  temperature  and  the 
temperature  of  the  second  transition  is  reduced.  Interestingly,  a  divided  regime  is  not  observed  in  the  n  - 
3  sample;  instead,  only  a  single  transition  is  apparent. 
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To  highlight  the  distinct  transitions,  the 
temperature  derivative  of  the  magnetization 
(dM/dT)  is  shown  in  Fig.  9(b).  The  dM/dT 
amplitude  from  the  n  -  11  sample  (in  hlack) 
exhibits  clear  two  minimum  points  at  ~80  and  ~ 

315  K,  consistent  with  the  Tc  of  ESMO  and  LSMO 
films  on  LSAT,  respectively.  The  presence  of  two 
transitions  is  also  consistent  with  the  PNR  results. 

Similarly,  the  n  =  6  SL  (in  red)  exhibits  two 
minimum  points  at  ~105  and  ~240  K,  indicating  the 
transition  temperatures  of  the  ESMO  and  LSMO 
are  shifted  toward  one  another  as  the  difference  in 
octahedral  rotations  in  the  two  constituent  materials 
is  reduced.  In  contrast  to  these,  for  the  n  -  3 
superlattice  (in  blue),  the  dM/dT  reveals  a  single 
minimum  point  at  ~  190  K,  indicating  one  Tc.  These 
results  demonstrate  that  the  magnetization  of  the 
individual  layers  can  be  tuned  by  controlling  the 
magnitude  of  the  rotational  modulations  throughout 
the  superlattices  even  while  the  composition  of  the 
layers  remains  unchanged.  In  the  n  -  3  superlattice, 
where  the  distance  between  interfaces  is  brought 
below  the  interfacial  octahedral  coupling  length,  a 
single  Tc  is  observed  consistent  with  a  uniform 
octahedral  structure  despite  the  presence  of  the 
compositional  superlattice.  Importantly,  a  uniform 
alloy  film  of  Lao.35Euo.35Sro.3Mn03  (in  green)  with 
the  same  composition  as  the  superlattices  exhibits  significantly  reduced  Tc  and  magnetization  compared 
to  the  n  -  3  sample  (inset).  This  indicates  that  the  magnetic  behavior  in  the  n  -  3  superlattice  is  not  the 
same  as  a  simple  average  of  LSMO  and  ESMO,  as  exhibited  in  a  random  alloy  film.  We  attributed  the 
enhanced  Tc  in  the  superlattice  to  the  suppression  of  cation  site  disorder,  as  variance  in  cation  size  is 
known  to  suppress  Tc  in  bulk  manganites.  Additionally,  the  resistivity  of  the  n  -  3  superlattice  and 
random  alloy  are  very  different,  with  the  superlattice  exhibit  orders  of  magnitude  lower  resistivity. 

The  transition  from  a  modulated  magnetic  structure,  confirmed  by  PNR,  to  a  uniform  magnetic 
structure,  as  indicated  by  the  single  transition  temperature,  is  consistent  with  the  structural  modulations 
revealed  by  STEM  and  XRD.  The  STEM  imaging  reveals  a  structural  coupling  length  of  ~  4  unit  cells, 
a  result  consistent  with  the  interfacial  magnetic  width  obtained  from  PNR.  As  hypothesized,  superlattices 
with  n  >  (^e,  behave  as  the  sum  of  the  two  constituent  materials,  while  the  n  -  3  superlattice  behaves  as  a 
material  with  uniform  magnetization.  The  observation  that  the  Tc  of  the  n  -  3  sample  is  between  that  of 
bulk  LSMO  and  ESMO  is  in  line  with  the  expectation  that  the  magnitude  of  the  octahedral  rotations  are 
approximately  the  average  of  those  found  in  LSMO  and  ESMO.  While  the  Tc  of  the  LSMO  layers  is 
reduced  with  decreasing  n,  the  Tc  of  the  ESMO  layers  is  increased  as  the  layer  thickness  is  reduced:  a 
result  opposite  to  that  expected  from  simple  finite  thickness  effects.  However,  the  increased  Tc  of  the 
ESMO  layers  is  fully  consistent  with  an  increase  in  6  as  n  is  reduced.  These  results  directly  demonstrate 
how  engineering  the  local  atomic  structure  of  perovskites  via  the  rational  design  of  octahedral 
superstructures  can  be  used  to  spatially  tailor  magnetization.  This  effect  is  analogous  to  delta  doping 
strategies  that  have  been  pursued  in  oxide  heterostructures;  however,  unlike  charge-based  doping,  this 
structural  “doping”  approach  has  no  analogue  in  conventional  semiconductor  heterostructures,  and 
therefore  represents  a  new  paradigm  for  controlling  physical  behavior  in  complex  oxide 
heterostructures.  The  implications  of  this  work  extend  well  beyond  manganite  superlattices,  as  the 


Temperature  (K) 

Fig.  9.  Magnetization  measurements  of  three 
superlattices,  (a)  M-T  under  a  500  Oe  field  applied 
in  the  plane  of  the  n  =  11  (black),  6  (red),  and  3 
(blue)  superlattices,  (b)  Corresponding  derivative  of 
the  magnetization  with  respect  to  temperature 
obtained  from  (a).  The  downward  arrows  indicate 
the  approximate  transition  temperatures.  Inset  shows 
an  alloy  film  of  Lao.35Euo.35Sro,3Mn03  (also  100  unit 
cells)  in  green  to  compare  with  the  n  =  3  sample. 
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observed  design  strategy  can  be  broadly  applied  to  spatially  confine  and  segregate  electronic  and  ferroic 
properties  in  perovskite  superlattices.  Tbis  work  was  published  in  Nature  Communications. 

In  addition  to  the  magnetic  measurements,  we 
have  also  performed  electronic  characterization  of 
the  superlattices.  Fig.  10  shows  the  temperature- 
dependent  resistivity  with  and  without  a  magnetic 
field  from  the  samples.  The  random  ahoy  is 
significantly  more  insulating  than  the  superlattices. 
In  the  superlattices,  as  more  adjacent  LSMO  layers 
are  added,  the  resistivity  is  decreased  and  the 
temperature  of  the  local  resistivity  maxima  is 
increased.  On  this  grant,  we  also  carried  out  some 
preliminary  anomalous  Hah  effect  measurements 
that  show  an  enhancement  of  the  anomalous  Hah 
effect  in  the  superlattices.  We  hypothesize  that  the 
modulations  of  rotations  lead  to  a  modulated  spin 
canting  due  to  the  Dzyaloshinskii-  Moriya 
interactions  that  arises  from  octahedral  rotations  in 
perovskites.  Future  work  is  focused  on  patterning 
the  samples  into  Hah  bar  geometries  for  more 
precise  Hah  effect  and  anisotropic 

magnetoresistance  measurements. 

3.  New  experimental  methods  for  probing  octahedral  rotations 

This  project  has  led  to  two  significant  contributions  to  the  depth-dependent  characterization  of 
octahedral  rotations  in  oxide  heterostructures.  The  first  is  the  first  reported  measurement  of  satellite  peaks 
off  of  half-order  diffraction  peaks.  These  satellite  peaks,  shown  in  Fig.  7(b,c),  arise  from  modulations  of 
the  magnitude  of  octahedral  rotations.  As  the  half-order  diffraction  peaks  are  due  to  the  rotations,  any 
periodic  spatial  variation  of  the  rotations  leads  to  these  superstructure  peaks.  These  peaks  are  analogous  to 
superlattice  peaks  observed  in  (OOL)  diffraction  that  arise  from  chemicaVstmctural  modulations;  here,  the 
origin  of  the  modulations  is  spatially  varying  changes  in  the  oxygen  positions. 

The  second  contribution  came  in  collaboration  with  Qian  He  and  Albina  Borisevich  at  Oak  Ridge 
National  Laboratory.  They  developed  a  technique  in  which  column  shape  analysis  of  annular  bright  field 
(ABF)  scanning  transmission  electron  microscopy  (STEM)  images  taken  along  specific  crystallographic 
orientations  enable  the  determination  of  the  three-dimensional  rotation  pattern  at  the  unit  cell  level.  As  a 
test  case,  they  applied  this  technique  to  the  (LSMO)6/(ESMO)6  superlattice  grown  on  SrTiOs. 

Representative  STEM  high  angle  annular  dark  field  (HAADE)  and  ABE  images  of  the  LSMO/ESMO 
interfaces  are  shown  in  Fig.  11(a).  The  oxygen  columns  in  both  LSMO  and  ESMO  regions  ah  appear  to 
be  elliptical  in  shape,  consistent  with  simulations  of  materials  with  octahedral  rotations.  A  change  in  y 
rotation  phase  can  be  visually  detected  as  a  mirror  plane  (shown  as  a  yellow  dashed  line)  that  arises 
between  adjacent  oxygen  columns  along  the  out -of -plane  direction.  Fig.  11(b)  shows  the  plane  averaged 
inclination  angle  0  (note,  this  0  is  not  the  same  as  the  B-O-B  rotation  angle)  of  the  major  axes  of  the 
oxygen  column  ellipses  as  a  function  of  coordinate  along  the  out-of-plane  direction.  The  emergence  of 
“-I-”  Y  rotation  in  the  ESMO  layer  is  indicated  by  the  0  angle  alternating  signs.  The  magnitude  of  0  appears 
constant  within  both  LSMO  and  ESMO  layers,  with  no  interfacial  effects,  indicating  that  the  y  rotation 
phase  changes  abruptly.  This  is  possible  as  the  phase  of  the  y  rotation  does  not  alter  the  position  of  the 
apical  oxygen  atom  that  bridges  the  two  materials.  The  advantage  of  this  method  is  its  applicability  to 
locally  probe  regions  containing  domains  and  defects,  and  that  no  material-specific  simulation  is  required 
to  obtain  qualitative  information  on  the  tilt  pattern.  This  work  was  published  in  ACS  Nano. 


Fig.  10.  Temperature  dependent  resistivity,  with  and 
without  an  magnetic  field  applied  in-plane,  measured 
in  the  n  =  3,  6,  and  10  superlattices  and  random  alloy 
LESMO  film  on  LSAT  substrates. 
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Fig.  11.  The  interface  in  the  (LSMO)6/(ESMO)6  superlattice,  (a)  Experimental  STEM  HAADE  and  ABE 
images  of  the  LSMO/ESMO  interfaces  along  one  [110]pc  axis,  with  overlapped  polyhedral  model  and  the 
simulated  ABE  images  (insets),  (h)  The  plane  averaged  profile  of  9,  the  ellipsoid  inclination  angle,  measured 
from  the  image  in  (a)  with  respect  to  the  direction  defined  hy  adjacent  B  sites. 


4.  Anionic  substitution  in  epitaxial  perovskite  illms 


The  final  accomplishment  of  the  project  was  developing  a  synthetic  route  to  realizing  oxyfluoride 
perovskite  thin  films.  This  work  has  the  potential  to  open  up  an  entirely  new  class  of  materials  -  mixed 
anion  epitaxial  perovskites  -  for  study.  The  substitution  of  F  for  O  on  the  anion  site  may  provide  an 
appealing  alternative  to  oxygen  vacancies  as  a  means  to  electron  dope  perovskites.  This  work  has  been 
published  in  the  Journal  of  the  American  Chemical  Society  and  APL  Materials. 

The  fluorination  process  was  carried  out  on  as-grown  oxygen  deficient  films  using  two  different 
approaches.  In  the  first  approach,  the  film  is  spin-coated  (SC)  with  a  solution  of  poly(vinylidene  fluoride) 
(PVDF)  (10  wt%  in  dimethylformamide  (DMF)),  which  is  followed  by  a  heat  treatment  in  a  quartz  tube 
under  a  slow  O2  flow  at  600°C  for  2  hours  (h)  [Fig.  12(a)].  The  presence  of  O2  during  the  annealing  step 
of  the  SC  process  facilitates  the  removal  of  the  by-products  produced  during  thermal  decomposition  of 
the  PVDF.  In  contrast,  when  the  SC  process  was  performed  under  a  N2  gas  flow,  a  black  residue  remained 
on  the  film  following  the  anneal  and  no  film  peaks  were  present  in  x-ray  diffraction.  Figure  12(b) 
illustrates  the  second  approach,  a  vapor  transport  (VT)  process.  In  this  approach,  fluorination  is  carried 
out  by  heating  a  perovskite  film  and  PVDF  pellets  in  a  quartz  tube  for  24  h  under  a  flowing  carrier  gas; 
here  we  use  N2  and  Ar.  The  film  is  placed  in  the  quartz  tube  downstream  from  the  PVDF  pellets. 


(b) 


Quartz  tube 


Vapor  transport 
Carrier  gas 


PVDF  pellets 


Annealing 


SrFeOa-((Fj 


Fig.  12.  Schematics  of  the  fluorination  processes,  (a)  Spin-coating  process  carried  out  on  a  hilayer  consisting 
of  PVDF  and  an  oxygen-deficient  SrFe03.g  film.  A  PVDF  solution  is  first  spin-coated  onto  an  oxygen- 
deficient  SrFeOs.g  film  grown  on  STO  (1).  After  the  heat  treatment  of  fluorination  process  (2),  SrFeOa.aFy  is 
obtained  (3).  (b)  Vapor  transport  process  carried  out  on  an  as-grown  SrFeOg.g  placed  downstream  from  PVDF 
pellets  in  a  heating  quartz  tube  in  the  presence  of  a  flowing  carrier  gas,  resulting  in  SrFeOa.pF;,. 
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Fig.  13.  X-ray  diffraction  from 
SrFe03,  and  two  SrFe03-gFy  films 
about  the  (002)  peak. 


SrFe02.5, 

measured 


Figure  13  shows  XRD  measurements  taken  around 
the  pseudocubic  (0  0  2)  truncation  rod  of  strontium 
ferrite  (SFO)  films  before  and  after  the  two  different 
fluorination  processes.  The  c-axis  parameter  of  the  as- 
grown  oxygen  deficient  SFO  thin  film  is  ~  3.979  A,  as 
shown  in  Fig.  13(a),  which  is  comparable  to  previous 
reports  of  hrownmillerite  SrFe02.5  films  on  SrTi03.  The 
XRD  data  of  the  film  fluorinated  with  the  VT  method  at 
275°C  in  N2  (hereafter,  VT-N2-275)  shows  a  Bragg  peak 
corresponding  to  a  c-axis  parameter  of  ~  4.004  A  [Fig. 
13(b)].  The  fluorinated  film  hy  VT  in  Ar  gas  at  240°C 
(VT-Ar-240)  exhibits  a  diffraction  peak  of  a  c-axis 
parameter  -  4.044  A  [Fig.  13(c)] .  In  the  film  fluorinated 
at  the  lower  temperature  of  210°C  in  Ar  gas  (VT-Ar- 
210),  the  Bragg  peak  is  shifted  further  to  a  lower  angle 
than  the  VT-Ar-240  film,  but  with  much  weaker 
intensity  and  significant  peak  broadening  [Fig.  13(d)]. 
The  VT  process  is  very  sensitive  to  the  processing 
temperature.  Films  fluorinated  in  flowing  N2  did  not 
exhibit  a  Bragg  peak  when  the  process  was  carried  out 
below  240°C  or  above  300°C.  Similarly,  Bragg  peaks 
were  not  observed  for  VT -processed  films  in  flowing  Ar 
for  annealing  temperatures  above  275°C.  Therefore,  we 
find  that  the  choice  of  carrier  gas  alters  the  optimal 
temperature  range  for  the  VT  process.  In  contrast  to  the  VT  fluorination  process,  the  film  (0  0  2)  peak 
from  SFO-F  film  synthesized  by  the  SC  process  (SC-600)  appears  at  a  higher  angle  than  that  of  the  STO 
substrate  and  its  c-axis  parameters  is  ~  3.855  A  [Fig.  13(d)].  Films  processed  with  the  SC  method  at 
400°C  and  800°C  did  not  exhibit  diffraction  peaks.  The  crystalline  coherent  length  (^)  along  the  out-of- 
plane  direction,  obtained  from  XRD,  for  the  fluorinated  films  is  equal  to  12,  18,  and  10  nm  for  the  VT- 
N2-275,  VT-Ar-240,  and  SC-600  films,  respectively,  indicating  that  the  crystalline  quality  of  the  VT 
synthesized  films  is  better  than  that  of  the  SC  synthesized  films. 

The  relative  fluorine  concentration  as  a  function  of  distance  from  the  surface  was  measured  by  x-ray 
photoemission  depth  profile  analysis,  performed  with  Ar-i-  sputtering  of  the  film.  These  results  reveal  that 
the  SC  process  leads  to  a  more  uniform  F  incorporation  within  the  film.  Figure  14  shows  the  depth 
profiles  of  the  O  Is,  F  Is,  Fe  2p,  and  Ti  2p  normalized  peak  intensities.  The  depth  at  which  the  Fe  2p  is 
suppressed  and  the  Ti  2p  peak  appears  indicates  the  relative  location  of  the  film/substrate  interface.  Fig. 
14(a)  shows  the  normalized  concentration  depth  profile  for  the  VT-Ar-210  film,  revealing  a  near-surface 
region  with  a  gradually  decreasing  F  concentration,  followed  by  a  region  of  constant  F  concentration. 
Assuming  the  sputter  rate  is  constant  as  a  function  of  depth  within  the  film,  each  of  these  two  regions  are 
~  12  nm.  When  the  VT  processing  temperature  is  raised  to  240°C  in  Ar,  the  constant  F  concentration 
region  is  increased  to  ~  17  nm,  while  the  near-surface  of  varying  F  content  becomes  less  wide  (-5  nm),  as 
shown  in  Fig.  14(b).  The  depth  profile  from  the  VT-N2-275  sample  is  shown  in  Fig.  14(c).  This  film  also 
exhibits  two  layers  of  differing  F  concentration.  The  layer  with  constant  F  concentration  is  approximately 
the  same  width  as  that  of  VT-Ar-240  but  with  a  seemingly  lower  F  concentration.  The  depth  profile  of  the 
SC-600  film  [Fig.  14(d)]  reveals  a  more  uniform  F  concentration  throughout  the  film,  extending  from  the 
surface  to  a  depth  of  -  15  nm.  The  carbon  Is  peak  was  also  measured  after  each  sputtering  cycle  to 
monitor  carbon  contamination.  While  the  as -fluorinated  VT  and  SC  films  have  a  C  Is  peak  at  the  surface, 
the  peak  is  absent  after  1  minute  of  sputtering. 
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Fig.  14.  Normalized  concentration  depth  profiles  obtained  from  XPS  for  four  different  SFO-F  /STO  films  (a) 
VT-Ar-210  for  24  h,  (b)  VT-Ar-240  for  24  h,  (c)  VT-N2-275  for  24  h,  and  (d)  SC-600  for  2  h. 


Fig.  15.  (a)  Resistivity  of  SrFeOa.s  (red),  SC-processed 
SrFeOa-sFy  (blue),  and  SrFeOs  (green),  (b)  Optical 
absorption  of  SrFe02.5  (red),  VT-processed  SrFeOs-sFy 
(blue),  and  SrFe03  (black). 


The  incorporation  of  F  into  the  SFO  leads  to 
changes  in  the  physical  properties  consistent 
with  the  presence  of  F'  on  the  anion  site. 
Temperature  dependent  resistivity  of  the  SC 
processed  film,  in  which  F  is  believed  to  occupy 
-1/6  of  the  anion  sites  leading  to  a  nominal  Fe 
valence  near  3.5-I-,  reveal  conductivity  behavior 
between  that  of  SrFe02.5  (highly  insulating)  and 
SrFe03  (metallic)  [Fig.  15(a)].  Optical 
absorption  spectra  of  the  VT  process  films,  in 
which  F  is  believed  to  occupy  1/3  of  the  anion 
sites  leading  to  a  nominal  Fe  valence  of  3-I-,  are 
very  similar  to  SrFe02.5  films  in  which  the  Fe 
exhibits  the  same  valence  state  [Fig.  15(b)]. 

The  simplicity  of  the  fluorination  processes, 
and  the  fact  that  they  can  be  performed  on  films 
deposited  with  any  growth  technique,  makes 
these  reactions  readily  adoptable  by  the  oxide 
film  community.  It  is  anticipated  that  these 
results  will  open  up  an  entirely  new  class  of 
materials  -  mixed  anion  epitaxial  perovskites  - 
for  study,  and  catalyze  substantial  efforts  within 
the  oxide  films  community  to  explore  topotactic 
reactions  as  a  means  to  expand  the  anionic 
chemistries  accessible  in  perovskite 
heterostructures. 
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Summary  of  Accomplishments 


•  Provided  strong  evidence  that  interfacial  octahedral  coupling  is  critical  in  controlling  properties  in 
ultrathin  perovskite  oxide  films  and  heterostructures.  This  was  accomplished  hy  a  systemic  study 
of  electronic  and  magnetic  properties  in  La2/3Sri/3Mn03  films  grown  on  LSAT  and  NdGa03. 

•  Provided  the  first  direct  experimental  demonstration  of  how  octahedral  behavior  in  oxide 
superlattices  can  he  used  to  engineer  spatially  confined  or  uniform  macroscopic  properties  hy 
varying  the  superlattice  period  with  respect  to  the  length  scale  of  interfacial  structural  coupling. 

•  Demonstrated  that  interfacial  structural  coupling  can  he  used  to  tailor  Curie  temperatures  in  the 
individual  ESMO  and  LSMO  layers  of  Euo.7Sro.3Mn03/  Lao.7Sro,3Mn03  superlattices.  Showed  that 
the  magnetic  and  electronic  behavior  of  the  superlattices  differs  substantially  from  an 
isocompositional  random  alloy  film. 

•  Developed,  directly  or  through  collaborations,  new  experimental  approaches  for  probing  depth 
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